Sandia National Laboratories is investigating and developing high-dose, high-brightness flash radiographic sources. One of the diodes we are developing is the immersed-B z diode. This diode is a foil-less electronbeam diode with a long, thin, needle-like cathode inserted into the bore of a solenoid. The solenoidal magnetic field guides the electron beam emitted from the cathode to the anode while maintaining a small beam radius. The electron beam strikes a thin, high-atomic-number anode and produces bremsstrahlung. Recently, we reported on an extensive series of experiments 1 where an immersed-B z diode was fielded on the RITS-3 2,3 pulsed power accelerator, a 3-cell inductive voltage generator that produced peak voltages between 4 and 5 MV, ~140 kA of total current, and power pulse widths of ~50 ns. The analysis of those results is on-going. A summary of those results and analyses are presented.
I. INTRODUCTION
High-power, intense electron beam diodes are routinely used as high-brightness flash x-ray sources. 4 5 Continued development of these sources is being pursued, with emphasis on increasing the x-ray source intensity through higher end-point voltage and/or higher electron beam current, and reducing the diameter of the electron beam focal spot/x-ray source diameter. One such source is the immersed-B z diode 6 which is a foil-less electron-beam diode with a long, thin, needle-like cathode inserted into the bore of a solenoid. The magnetic field of the solenoid guides the electron beam emitted from the cathode to the anode while maintaining a small beam radius roughly that of the cathode tip. The electron beam strikes a thin, highatomic-number anode and produces bremsstrahlung.
A schematic of the immersed-B z diode is shown in Fig.  1 . The magnetic field is produced by a pulsed highcurrent solenoid that entirely surrounds the anode-cathode (AK) vacuum gap. The cathode is a long, thin needle, typically made of tungsten and the anode is typically composed of an electron-range-thin high-atomic-number material (e.g. tantalum) that acts as a bremsstrahlung converter, backed by an electron-range-thick low-atomicnumber material (e.g. carbon) that stops the electron beam. The cathode needle is attached to the center conductor of a coaxial transmission line driven by an inductive voltage adder or other pulse forming line. A shaped conical section connects the center conductor of the Magnetically Insulated Transmission Line (MITL) to the cathode needle; the shape is carefully engineered such that the applied magnetic field lines are nearly tangential to the conically-shaped conductor surface. This is done to prevent electron flow, from the large radius conical section and upstream of the diode region, from entering the AK gap region inside the magnet bore.
The temporal impedance evolution of the immersed-B z diode should be characterized by a monopolar then bipolar current flow phase. The bipolar current phase begins as the electron beam bombards the anode and forms a plasma from which ions can be accelerated across the gap towards the cathode. We have identified two broadly characterized operating regimes, a nominal operating regime where the total diode current is characterized as classically bipolar and an anomalous regime where the total diode current is in excess of the bipolar limit and up to the full accelerator current. Interestingly, we have found that the diode currents for the nominal operating regime are best replicated with numerical simulations that assume space charge limited flow of medium-mass ions (~ 12 amu) from the anode. The operating regimes are approximately separated by cathode diameters greater than ~3 mm for the nominal regime and less than ~ 3 mm for the anomalous impedance collapse regime. Detailed descriptions and characteristics of the two different operating regimes are presented.
II. DIODE OPERATION
As discussed above, there are two basic operating regimes that characterize the observed operation of the immersed-B z diode. The first operating regime describes the nominal behavior of large cathode diameters, namely, with cathode diode diameters larger than 3 mm. Nominal diode operation with larger cathodes is characterized by relatively stable diode impedance and diode currents that agree well with currents from numerical simulations. Nominal diode operation is also characterized by good dose production that agrees well with a simple physicsbased dose production model and spot sizes that scale with cathode diameter. The second operating regime describes the anomalous behavior of smaller cathode diameters typically less than 3 mm Anomalous diode behavior is characterized by a fairly dramatic impedance collapse and diode currents that quickly exceed expected bipolar current levels. Anomalous diode behavior is also characterized by dose production that does not agree well with the simple physics-based dose production model 7 and spot sizes that do not scale with cathode diameter.
During the course of this study, the center conductor of the RITS-3 accelerator was replaced with a smaller diameter (higher impedance) design in order to achieve higher end-point voltages. 8 The original center conductor (referred to as low-impedance operating mode) routinely achieved operating voltages of about 4 MV. The highimpedance operating mode used a smaller diameter center conductor to achieve operating voltages of about 5 MV. For all data sets presented in this report, we note the operating voltage to indicate which of these two accelerator modes (4 MV or 5 MV) is used.
III. NOMINAL OPERATING REGIME
Representative diode voltage and currents are shown in Fig. 2 for a 4 .76 mm diameter cathode operating in the nominal regime. The diode and target currents shown in Fig. 2 were measured using B-dot monitors positioned nominally at the locations shown in Fig. 1 . It is noteworthy that the diode and target currents are in good agreement indicating that no current is lost to the anode wall. This good agreement between diode and target currents was also observed for small cathodes operating in the anomalous regime. The diode voltage is calculated from upstream MITL current monitors using the pressure balance formulation of Mendel. 9 To help interpret the experimental results, two dimensional particle-in-cell (PIC) simulations were performed using Lsp. 10 The effect of different target physics and ion species were investigated. Using the calculated experimental voltage shown in Fig.2 , the PIC simulated diode currents for three different anode source conditions (no ions, space charge limited protons and space charge limited, singly charged carbon ions) are compared to the experimental current in Fig. 3 . It should be noted that the H+ and C+ PIC simulations included the effects of electron backscattering from the Ta target and assumed that the anode became a space charge limited emitter when the anode temperature increased by 400 K. Figure 3 shows that the C+ ion simulation gives the best agreement in shape and magnitude with the experimental diode current. The measured dose rate production for the same experiment described above is compared in Fig. 4 to the dose production expected by the physics-based dose-rate model developed in [7] for the immersed-B z diode. The experimental dose rate was measured with a PIN diode and calibrated using on-axis TLD measurements. It should be noted that although the constant used to obtain the fit shown in Fig 4 is lower than that developed by Rose, et al. [7] , (k = 1.25 vs. 2.0), it does appear to follow the scaling with IV 2.3 for most of the pulse.
The other characteristic common to large cathodes operating nominally is that the measured radiographic spot size (AWE spot size definition, Ref 1) scales with cathode diameter. This linear scaling is shown in Fig. 5 for cathodes diameters ranging from 4.76 mm to 9.52 mm. Figure 6 compares the anomalous diode current for a 2-mm cathode experiment with the calculated current from a PIC simulation assuming space charge limited emission of protons. The experimental current quickly and significantly exceeds the expected current based on these numerical results for bipolar flow with protons. It is generally believed that this anomalous behavior must be due to charge creation in the AK gap, but the source of this suspected charge creation remains undetermined.
IV. ANOMALOUS OPERATING REGIME
This dramatic and anomalous increase in current is not accompanied by an associated increase in dose production as shown in Fig. 7 where the measured dose rate is substantially lower than the dose rate expected from the dose rate model. In Fig. 7 a scaling constant of k = 0.75 was used to fit the dose rate model to the experimental dose rate for the early part of the pulse. The large discrepancy between the dose rate model and the measured dose later in the pulse is consistent with charge creation in the gap because electrons born in the gap due to some anomalous charge creation would have only onehalf the accelerating potential and therefore would yield significantly lower dose based on the power scaling with voltage (energy), V 2.3 . Another possible source of this reduction in dose could be due to electron beam heating, i.e. an increase in transverse velocity. Figure 8 shows how that unlike the spot size for the large cathodes, the spot size does not continue to decrease as the cathode gets smaller. In fact, there is a tendency for the spot size to actually get larger when the cathode diameter is decreased below 2 mm. As Fig. 8 shows, this tendency was observed for operation at both 4 and 5 MV. 
V. SUMMARY
We have identified two broadly characterized operating regimes for the immersed-B z diode, a nominal operating regime where the total diode current is characterized as classically bipolar and an anomalous regime where the total diode current is in excess of the bipolar limit and up to the full accelerator current. The operating regimes are approximately separated by cathode diameters greater than ~3 mm for the nominal regime and less than ~ 3 mm for the anomalous impedance collapse regime. The nominal diode currents agree well with PIC simulations that assume space-charge-limited emission of medium mass ions (~ 12 amu) from the anode. The cause of the anomalous diode behavior with small cathodes remains unclear. Improved understanding will require increased utilization of plasma diagnostics. A more complete and comprehensive description of both operating regimes will be presented in future publications.
VI. 
